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Nickel-based under bump metallization (UBM) has been widely used as a
diffusion barrier to prevent the rapid reaction between the Cu conductor and
Sn-based solders. In this study, joints with and without solder after heat
treatments were employed to evaluate the diffusion behavior of Cu in the
63Sn-37Pb/Ni/Cu/Ti/Si3N4/Si multilayer structure. The atomic flux of Cu dif-
fused through Ni was evaluated from the concentration profiles of Cu in solder
joints. During reflow, the atomic flux of Cu was on the order of 1015–1016
atoms/cm2s. However, in the assembly without solder, no Cu was detected on
the surface of Ni even after ten cycles of reflow. The diffusion behavior of Cu
during heat treatments was studied, and the soldering-process-induced Cu dif-
fusion through Ni metallization was characterized. In addition, the effect of Cu
content in the solder near the solder/intermetallic compound (IMC) interface
on interfacial reactions between the solder and the Ni/Cu UBM was also dis-
cussed. It is evident that the (Cu,Ni)6Sn5 IMC might form as the concentration
of Cu in the Sn-Cu-Ni alloy exceeds 0.6 wt.%.
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INTRODUCTION
Flip-chip technology has been used since the
1960s.1 A thin Cr/Cu multilayer with a phased-in mi-
crostructure acting as an under bump metallization
(UBM) was widely used in this technology.2 However,
the Cu-based UBM has been found to be incompatible
with the SnPb solder or high melting point solders
because of the rapid reaction between Sn and Cu and
the spalling effect of the Cu-Sn intermetallic com-
pound (IMC).3,4 The Ni-based UBMs, such as electro-
plated Ni and electroless Ni (EN) layers, exhibit low
reaction rates with Sn and have attracted a great
deal of research attention.5–10 Ho et al. studied the
effect of Au on interfacial reaction between solders
and Au/Ni UBM.5,6 The process of manufacturing the
solder/EN/Cu solder bump was discussed by Lin and
Liu.7 The metallurgical reactions between solders
and Ni-based UBM were also investigated.8–11
Copper metallization is widely used as the conduc-
tor material in flip-chip interconnects because of its
excellent conductivity.12 Recently, the effect of Ni
thickness and reflow times on the interfacial reactions
between PbSn solder and the Ni/Cu UBM was
reported.13,14 The phase transformation of IMCs and
related phase-equilibrium behaviors were also dis-
cussed. The importance of Cu diffusion on the interfa-
cial reaction was revealed. The aim of this study is to
investigate the diffusion behavior of Cu between the
SnPb solder and Ni/Cu UBM during heat treatments.
Both 63Sn-37Pb/Ni/Cu/Ti/Si3N4/Si and Ni/Cu/Ti/
Si3N4/Si multilayer structures were used. Titanium
played the role of the adhesion layer, Cu was the con-
ductor, while Ni acted as the wetting layer and diffu-
sion barrier. In analyzing the concentration profiles
of Cu in joints after reflows and a high-temperature
storage (HTS) test, the diffusion behavior of Cu was
revealed. In addition, the correlation between Cu con-
tents in the solder near the solder/IMC interface and
IMC formation was investigated and discussed.
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EXPERIMENTAL PROCEDURES
A multilayer thin film was used as the UBM
structure in this study, as shown in Fig. 1. The top
metal on the Si wafer was Cu, which acted as an
interconnection line. A thin adhesion layer with a
thickness of 1,000 Å was sputtered Ti. Sputtered
Cu of 5,000 Å was then deposited on the Ti as an
electroplating seed layer. Copper, 5 µm, was further
electroplated on the metallized seed layer. Electro-
plated Ni, 3 µm, was then deposited on the top of
electroplated Cu. The eutectic-SnPb solder bump
was eventually electroplated onto the multilayer
UBM. All metal films were deposited consecutively
without breaking vacuum. For comparison, samples
without SnPb solder were also prepared.
Reflows were conducted in an infrared solder re-
flow oven for one to ten times. The peak temperature
and dwell time during reflow were 225°C and 70 sec,
respectively. As the heating temperature was above
the eutectic temperature of the SnPb solder, the
molten solder reacted with the solid-state Ni/Cu
UBM. In the HTS test, bumps after only one reflow
were employed for aging at 150°C for 1,000 h. Dur-
ing the HTS test, the interfacial reactions occurred
at the solid/solid interfaces.
The Si dices were first cold-mounted in epoxy and
then sectioned by using a slow speed diamond
saw. The cross-sectional samples were ground and
polished for interfacial analysis. The interfacial mor-
phologies between the SnPb solder and UBM were
analyzed with a field-emission scanning electron mi-
croscope (JSM-6500F, JEOL, Tokyo). The thickness
of the IMC and metallization were measured and
averaged for at least ten bumps in each condition
after light etching. The compositions of phases in the
solder joints and elemental distribution across the
joint interface were quantitatively measured with an
electron probe microanalyzer (EPMA, JXA-8800M,
JEOL) with the aid of a ZAF program.15
RESULTS AND DISCUSSION
Interfacial Reaction between the SnPb Solder
and Ni/Cu UBM during Heat Treatments
The interfacial products formed between the
SnPb solder and Ni/Cu UBM during one and ten
reflow times and the HTS test were quite distinct, as
shown in Figs. 2–4, respectively. After the first cycle
of reflow, only one layered-type (Ni,Cu)3Sn4 IMC less
than 1 µm in thickness was detected at the interface
of the SnPb solder and Ni/Cu UBM, as indicated in
Fig. 2a. The composition of the (Ni,Cu)3Sn4 IMC was
homogeneous and was (Ni0.91,Cu0.09)3Sn4. After more
than three reflow times, a new (Cu,Ni)6Sn5 IMC
with an islandlike shape formed on the top of the
layered-type (Ni,Cu)3Sn4 IMC. The average size of
this IMC was 2–3 µm, as shown in Fig. 3a. Com-
pared with Figs. 2a and 3a, the growth of (Ni,Cu)3
Sn4 was limited, and the size of (Ni,Cu)3Sn4 was still
about 1 µm even after ten reflows. However, the
composition variation in the (Ni1–x,Cux)3Sn4 IMC
was revealed, and the value of x varied from 0.09 to
0.35 during reflow. The Cu contents in the (Ni1–x,
Cux)3Sn4 IMC increased with decreasing distance
between (Ni,Cu)3Sn4 and the (Cu,Ni)6Sn5 IMC. With
respect to the joints after the HTS test, only the
(Ni,Cu)3Sn4 IMC was found between the solder and
UBM, as indicated in Fig. 4a. Both the thickness of
the IMC and Cu content in the IMC increased as
compared to that after only one reflow. The thick-
ness of the (Ni,Cu)3Sn4 IMC increased to 3–4 µm,
and the composition of the IMC was approximately
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Fig. 1. A schematic illustration of UBM.
Fig. 2. (a) A cross-sectional image of SnPb solder/UBM interfaces after one reflow and the concentration profiles of Cu along (b) trace line 1 and
(c) trace line 2 in (a).
a b c
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Fig. 4. (a) A cross-sectional image of SnPb solder/UBM interfaces after the HTS test and the concentration profiles of Cu along (b) trace line 6
and (c) trace line 7 in (a).
a b c
Fig. 3. (a) A cross-sectional image of SnPb solder/UBM interfaces after ten times reflow and the concentration profiles of Cu along (b) trace line
3, (c) trace line 4, and (d) trace line 5 in (a).
a b
c d
JEM_1000-R5  3/25/04  8:27 PM  Page 285
(Ni0.80Cu0.20)3 Sn4. The types and compositions of
IMCs formed between the solder and Ni/Cu UBM
during one and ten reflow times and the HTS test
are summarized in Table I. The detection of Cu in
the Ni3Sn4 IMC and the formation of the Cu6Sn5
IMC implied that the Cu atoms diffused through Ni
and reacted with Sn and Ni. Detailed analyses of
these IMCs including related phase equilibrium
were recently reported.13,14,16
The Atomic Flux of Cu in the Joints during
Heat Treatments
Figure 2b, an EPMA trace-line analysis across
the Ni/IMC/solder interface after one reflow, gives
evidence of the presence of Cu atoms in the Ni, IMC,
and SnPb solder. The atomic flux of Cu, JCu, can be
expressed as
(1)
where Ti is the average thickness of i, WCu in i is the
concentration of Cu in i, ρCu is the density of Cu, N0 is
Avogadro’s number, MCu is the molecular weight of
the Cu atom, and t is the heat-treatment time.The Cu
contents in the IMCs, Ni metallization, and SnPb sol-
der during heat treatments can be probed as follows.
Cu Content in IMCs
The average thickness of the IMC and concentra-
tions of Cu in the IMC in the SnPb solder/UBM joint
during reflow and the HTS test are summarized in
Table I. Although the thickness of the (Ni,Cu)3Sn4
IMC during heat treatments could be measured di-
rectly from the cross-sectional images, it is, however,
difficult to do so in the case of the (Cu,Ni)6Sn5 IMC.
Figure 5 shows that the (Cu,Ni)6Sn5 IMC was rod
type. The quantities of the (Cu,Ni)6Sn5 IMC found in
the interface between the solder and (Ni,Cu)3Sn4 in-
creased with the reflow cycles and was distributed
randomly in the joints.13 Thus, the average thickness
of the (Cu,Ni)6Sn5 IMC was determined by the total
volume of the (Cu,Ni)6Sn5 IMC dividing the area of
the pad. The diameter and length of the rod-type
(Cu,Ni)6Sn5 IMC could be estimated from Figs. 3 and
5 to be 3 µm and 10 µm, respectively. Statistically,
the qualities of the (Cu,Ni)6Sn5 IMC formed after ten
cycles of reflow were about three times more than
that only after three cycles of reflow.
The compositions of IMCs formed during heat
treatments were homogenous except for the
(Ni,Cu)3Sn4 IMC formed after three, five, and ten
cycles of reflow. The Cu content in the (Ni,Cu)3Sn4
IMC increased with decreasing distance between
(Ni,Cu)3Sn4 and the (Cu,Ni)6Sn5 IMC, as mentioned
previously. The reported concentrations of Cu in the
(Ni,Cu)3Sn4 IMC after more than three reflow times
listed in Table I are, in fact, the average of at least
20 measured points.
Cu Content in the Ni Metallization
Table II lists the thickness of unconsumed Ni and
average concentrations of Cu in Ni in the SnPb
solder/UBM joint during reflow and the HTS test.
The unconsumed Ni decreased slowly during reflow
but the rate of Ni consumption increased signifi-
cantly after the HTS test. This is attributed to the
growth of the (Ni,Cu)3Sn4 IMC during thermal
aging. The average concentrations of Cu in Ni
after heat treatments were all close to 1.5 wt.% by
detailed quantitative analysis by EPMA.
Cu Content in the SnPb Solder
The diffusion length of Cu in the PbSn solder was
determined by the concentration profiles across the
IMC/solder interface, as indicated in Figs. 2b, 3b,
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Table I. The Formation Types, Average Thickness of the IMC, and Concentrations of Cu in the IMC in the
SnPb Solder/UBM Joint during Reflow and the HTS Test
Heat Treatment Type of IMC Thickness (µm) Concentration (wt.%)
Reflow 1st (Ni,Cu)3Sn4 0.90 2.63
3rd (Ni,Cu)3Sn4 0.90 3.80
(Cu,Ni)6Sn5 0.30 23.75
5th (Ni,Cu)3Sn4 0.90 4.96
(Cu,Ni)6Sn5 0.50 23.75
10th (Ni,Cu)3Sn4 0.90 6.41
(Cu,Ni)6Sn5 0.99 23.75
HTS (Ni,Cu)3Sn4 3.50 5.83
J
T W T W T W N
M tCu
IMC Cu in IMC Ni Cu in Ni solder Cu in solder Cu
Cu
=
+ +( )ρ 0
Fig. 5. A top-view morphology of IMCs in the SnPb solder/UBM
interface after ten reflow times.
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and 4b. The solubilities of Cu in Sn and Pb were
different so at least five concentration profiles were
measured and averaged. The average diffusion
length of Cu in the solder during reflow was close
to 15 µm. However, it was only about 12 µm for
the HTS test. The concentration gradient of Cu in
the solder was nearly linear, so the average concen-
tration of Cu in the diffusion zone of SnPb during
heat treatments was considered the median of the
measured profiles, as listed in Table III.
The Atomic Flux of Cu Diffusion
With the aid of Tables I–III, the atomic flux of Cu
diffused through Ni during multiple reflows could be
determined, as indicated in Fig. 6. The flux of Cu
atoms was on the order of 1015–1016 atoms/cm2s and
decreased with reflow time. Recently, the interdiffu-
sion flux of Cu in the reaction of the eutectic SnPb
solder/Cu at 200°C was evaluated to be 1016–1017
atoms/cm2s,17 about 1–2 orders of magnitude larger
than that determined in this study. However, the
cited diffusion data was only related to the soldering
reaction between the eutectic SnPb solder and a
pure Cu foil. Moreover, the annealing temperature
was 200°C, lower than the peak temperature
employed in this study. Under identical conditions,
the flux of Cu diffusion estimated at 200°C should
be less than that at 225°C. However, it is not the
case. This implies that in the system of SnPb
solder/Ni/Cu, the diffusion of Cu atoms was signifi-
cantly retarded by the presence of the so-called
Ni-diffusion barrier.
In this study, the interdiffusion fluxes between
SnPb/Ni/Cu and SnPb/Cu assemblies were compared.
A smaller flux was estimated in the solder/Ni/Cu sys-
tem. This implied that the diffused Cu atoms were
hindered by the Ni metallization. It also indicated13
that the amount of Cu atoms diffusing through
Ni into the SnPb solder gradually decreased with
increasing thickness of Ni. Thus, the Ni layer is an
effective barrier for Cu atom diffusion. Furthermore,
the electrodeposited Ni layer exhibited a columnar
structure.13 It is argued that Cu atoms may diffuse
through grain boundaries of the Ni layer and then
dissolve in the (Ni,Cu)3Sn4 IMCs.
Soldering Effect on Cu Diffusion
In the case of the HTS test, the atomic flux of Cu
was only 6.07  1011 atoms/cm2s, which was about
4–5 orders of magnitude smaller than that in the
case of reflow, as listed in Table IV. This implies that
the rate of Cu diffusion in the solid/solid reaction
was much smaller than that in the soldering reac-
tion. For the sample without solder, there was no Cu
detected on the surface of Ni during reflow. This in-
dicates that no Cu atoms pass through Ni even after
ten reflow times. However, the flux of Cu diffused
through Ni was in the order of 1015–1016 atoms/cm2s
in the SnPb solder/Ni/Cu joint during reflow. The
soldering process induced Cu diffusion through the
Ni metallization.
A similar result was observed between SnPb/
EN/Cu and EN/Cu assemblies.18 After annealing at
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Table IV. The Calculated Atomic Flux of Cu, JCu,
and the Amounts of Cu Atom Diffused during
Reflow and the HTS Test
JCu Amounts of Cu
Heat Treatment (atoms/cm2s) (atoms)
Reflow 1st 1.32  1016 7.24  1013
3rd 7.68  1015 1.27  1014
5th 5.99  1015 1.65  1014
10th 4.57  1015 2.51  1014
HTS 6.07  1011 1.72  1014
Table III. The Diffusion Length of Cu in Solder
and Average Concentrations of Cu in the Diffusion
Zone in the SnPb Solder/UBM Joint during Reflow
and the HTS Test
Distance Concentration
Heat Treatment (µm) (wt.%)
Reflow 1st 14.8 ± 1.0 0.30 ± 0.13
3rd 15.2 ± 0.8 0.30 ± 0.13
5th 15.2 ± 0.6 0.30 ± 0.13
10th 15.3 ± 0.6 0.30 ± 0.14
HTS 11.8 ± 0.3 0.20 ± 0.10
Table II. The Thickness of Unconsumed Ni and
Average Concentrations of Cu in Ni in SnPb Solder/
UBM Joint during Reflow and the HTS Test
Ni Thickness Concentration
Heat Treatment (µm) (wt.%)
Reflow 1st 2.76 ± 0.02 1.49 ± 0.14
3rd 2.71 ± 0.03 1.50 ± 0.13
5th 2.66 ± 0.04 1.52 ± 0.14
10th 2.61 ± 0.06 1.53 ± 0.12
HTS 2.10 ± 0.10 1.55 ± 0.15
Fig. 6. The atomic flux of Cu in the SnPb solder/Ni/Cu joints during
multiple reflows.
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240°C for 60 min, the interdiffusion flux in the
SnPb/EN/Cu joint was larger than that in the
EN/Cu. Moreover, the values of the effective inter-
diffusion coefficient in the SnPb/EN/Cu joint were
also larger than those in EN/Cu. Soldering-assisted
Cu diffusion is thus evident.
Formation of (Cu,Ni)6Sn5
As mentioned previously, the atomic flux of Cu
diffusion through Ni during the HTS test was much
smaller than that after reflow. Nevertheless, the
amount of Cu diffused through Ni during the HTS
test was very close to that after reflow, as summa-
rized in Table IV. However, no (Cu,Ni)6Sn5 IMC was
found in the joints after the HTS test. The different
interfacial reactions between reflows and the HTS
test could be related to the concentration of Cu in
the SnPb solder adhering to the solder/IMC inter-
face. To clarify the Cu distribution near the solder/
IMC interface, concentration profiles of Cu along the
trace lines both perpendicular and parallel to the in-
terface of the solder/IMC were carried out, as shown
in Figs. 2–4. Because of the formation of the
(Cu,Ni)6Sn IMC in the joint after ten cycles of re-
flow, two perpendicular trace lines, lines 3 and 4,
were considered, as indicated in Fig. 3. One only
passed through the (Ni,Cu)3Sn4 IMC and the other
one was across both (Ni,Cu)3Sn4 and the (Cu,Ni)6
Sn5 IMC.
From the concentration profiles along trace lines 1
and 2 in Fig. 2b and c, it is evident that the concen-
trations of Cu near the solder/(Ni,Cu)3Sn4 interface
after one reflow were more or less identical and
equal to 0.6 wt.%. The peak in the left side of the
concentration profile along trace line 1 in Fig. 2b
was due to a higher concentration of Cu detected in
the (Ni,Cu)3Sn4 IMC. In the case of the joints after
ten reflows, the concentration profile passing
through the (Ni,Cu)3Sn4/solder interface, i.e., trace
line 3, revealed that the concentration of Cu in the
solder near (Ni,Cu)3Sn4 was also close to 0.6 wt.%,
as indicated in Fig. 3b. The Cu content around the
(Cu,Ni)6Sn5 IMC was not identical, as shown in Fig.
3c and d. On the top of this IMC, the Cu content in
the solder was only 0.4 wt.%. However, it was about
0.7–0.8 wt.% at the side of the (Cu,Ni)6Sn5 IMC. In
the case of the HTS test, the concentration of Cu in
the solder near the (Ni,Cu)3Sn4 IMC was less than
0.4 wt.%, from trace lines 6 and 7 in Fig. 4.
There was no Pb detected in either (Ni,Cu)3Sn4 or
the (Cu,Ni)6Sn5 IMCs. The role of Pb in the interfa-
cial reaction was thus discounted, and only the Sn-
Cu-Ni ternary system was considered. On the basis
of phase equilibrium data of the Sn-Cu-Ni sys-
tem,19–22 an enlarged Sn corner of the Sn-Cu-Ni
ternary isotherm was proposed to illustrate the for-
mation of the (Cu,Ni)6Sn5 IMC, as shown in Fig. 7.
The maximum solubility of Ni in the Sn-rich phase
was less than 0.2 wt.%. However, the solubility of Cu
in this phase was in a range of 0.6–0.8 wt.%. As a re-
sult, when the concentration of Cu in the Sn-Cu-Ni
alloy was greater than 0.6 wt.%, the (Cu,Ni)6Sn5
IMC might form. On the other hand, only (Ni,Cu)3
Sn4 would form when the Cu content was less than
0.6 wt.%. Accordingly, the (Cu,Ni)6Sn5 IMC was only
found in the joints after multiple reflows. The exper-
imentally observed phenomena in this study are in
agreement with the information derived from the
phase diagram.
In the literature, the effect of Cu concentration
in Sn-Cu and Sn-Ag-Cu solders on the interfacial
reaction between solders and Ni has been investi-
gated.23,24 Kao and coworkers reported that when the
Cu concentration was low (0.2 wt.%), only (Ni,Cu)3
Sn4 was found. At higher concentration of Cu, the
interfacial product was (Cu,Ni)6Sn5. The observa-
tions by Kao are in agreement with the results in this
study through detailed quantitative analysis of the
elemental redistribution in the solder joint.
CONCLUSIONS
Soldering-induced Cu diffusion and IMC forma-
tion were studied. The atomic flux of Cu diffusion
during reflow was on the order of 1015–1016 atoms/
cm2s and decreased with the reflow time. In the case
of the HTS test, i.e., the solid/solid reaction, the
atomic flux of Cu was about 4–5 orders of magnitude
smaller than that during reflow. In the sample with-
out solder, no Cu was detected on the surface of Ni
even after ten cycles of reflow. The rate of Cu diffu-
sion in both assemblies without solders and those
after the HTS test were much smaller than that in
the soldering reaction.
The different interfacial-product formation be-
tween the solder and Ni/Cu UBM could be attrib-
uted to the concentration variation of Cu in the
solder near the solder/IMC interface. The enlarged
Sn corner of the Sn-Cu-Ni ternary isotherm gives
evidence that the (Cu,Ni)6Sn5 IMC might form
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Fig. 7. An enlarged Sn corner of the Sn-Cu-Ni ternary isotherm.20–22
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as the concentration of Cu in the Sn-Cu-Ni alloy
exceeds 0.6 wt.%.
ACKNOWLEDGEMENTS
The financial support and joint assembly prepara-
tion from Taiwan Semiconductor Manufacturing
Company are acknowledged. Partial support from
the National Science Council under Contract No.
NSC-91-2216-E007-034 is also appreciated.
REFERENCES
1. L.F. Miller, IBM J. Res. Develop. 13, 239 (1969).
2. M.E. Loomans, S. Vaynman, G. Ghosh, and M.E. Fine,
J. Electron. Mater. 23, 741 (1994).
3. A.A. Liu, H.K. Kim, K.N. Tu, and P.A. Totta, J. Appl. Phys.
80, 2774 (1996).
4. H.K. Kim, K.N. Tu, and P.A. Totta, Appl. Phys. Lett. 68, 2204
(1996).
5. C.E. Ho, R. Zheng, G.L. Luo, A.H. Lin, and C.R. Kao, J. Elec-
tron. Mater. 29, 1175 (2000).
6. C.E. Ho, L.C. Shiau, and C.R. Kao, J. Electron. Mater. 31,
1264 (2002).
7. K.L. Lin and Y.C. Liu, IEEE Trans. Comp. Packaging 22,
575 (1999).
8. J.Y. Park, C.W. Yang, J.S. Ha, C.U. Kim, E.J. Kwon,
S.B. Jung, and C.S. Kang, J. Electron. Mater. 30, 1165
(2001).
9. J.W. Jang, P.G. Kim, K.N. Tu, D.R. Frear, and P. Thompson,
J. Appl. Phys. 85, 8456 (1999).
10. B.L. Young and J.G. Duh, J. Electron. Mater. 30, 878 (2001).
11. S.K. Kang et al., Proc. 51st Electronic Components and Tech-
nology Conf. (Piscataway, NJ: IEEE, 2001), pp. 448–454.
12. R.G. Werner, D.R. Frear, J. DeRosa, and E. Sorongon, 1999
Int. Symp. on Advanced Packaging Materials (Reston, VA:
IMAPS; Piscataway, NJ: IEEE, 1999), pp. 246–251.
13. C.S. Huang, J.G. Duh, Y.M. Chen, and J.H. Wang, J. Elec-
tron. Mater. 32, 89 (2003).
14. C.S. Huang and J.G. Duh, J. Mater. Res. 18, 935 (2003).
15. J.I. Goldstein, Scanning Electron Microscopy and X-ray Mi-
croanalysis (New York: Plenum Press, 1992), pp. 306–330.
16. C.S. Huang, G.Y. Jang, and J.G. Duh, J. Electron. Mater. 32,
1273 (2003).
17. H.K. Kim and K.N. Tu, Phys. Rev. B 53, 16027 (1996).
18. Y.C. Hsu and J.G. Duh, J. Electron. Mater., in press.
19. C.H. Lin, S.W. Chen, and C.H. Wang, J. Electron. Mater. 31,
907 (2002).
20. K.N. Tu and K. Zeng, Mater. Sci. Eng. R 34, 1 (2001).
21. M. Li, F. Zhang, W.T. Chen, K. Zeng, K.N. Tu, H. Balkan,
and P. Elenius, J. Mater. Res. 17, 1612 (2002).
22. K. Zeng, V. Vuorinen, and J.K. Kivilahti, Proc. 51st Elec-
tronic Components and Technology Conf. (Piscataway, NJ:
IEEE, 2001), pp. 693–698.
23. C.E. Ho, R.Y. Tsai, Y.L. Lin, and C.R. Kao, J. Electron.
Mater. 31, 584 (2002).
24. W.T. Chen, C.E. Ho, and C.R. Kao, J. Mater. Res. 17, 263
(2002).
Soldering-Induced Cu Diffusion and Intermetallic Compound
Formation between Ni/Cu Under Bump Metallization and
SnPb Flip-Chip Solder Bumps 289
JEM_1000-R5  3/25/04  8:27 PM  Page 289
